Abstract -This paper investigates the risk assessment of subsynchronous resonance for series compensated UHV transmission of Ximeng coal-fired power base, which exemplifies a common problem in the development of the power grid in China. To avoid the problem of huge computational amount of offline analysis on subsynchronous resonance, a new method of online analysis and forewarning based on time-domain simulation is proposed. In addition, various suppression measures are summarized and discussed, as well as combination of multiple measures.
Introduction
As the energy resources and loads are quite uneven distributed in China, nowadays, State Grid Corporation of China has been developing UHV transmission technology in order to meet the rapidly increasing requirements for electric power of the society. Generally speaking, series compensation is a common and effective measure to make full use and exploit economic benefits of long transmission lines. Therefore, series compensation technology is extensively applied in 1000 kV UHV AC transmission pilot project, which has been put into operation since 2009, and other UHV transmission projects which are still in plan and under construction in China.
Nevertheless, it is certainly known that application of series compensation technology in power systems may cause problem of subsynchronous resonance (SSR) between coal-fired power plants and series compensated transmission systems [1] - [2] . However, there have been many research results on SSR problem so far, which are mainly for cases of a single power plant with a grid-to-grid network. Different from that, due to the special distribution of energy resources and loads as previously mentioned, there will be many large-scale coal-fired power bases in China, and the electric power generated by all plants in a base might be intensively delivered by UHV transmission lines with a point-to-grid structure of network. Due to the scale of energy base which consists multiple generators as well as multiple oscillation modes, and characteristics of the power network structure, it may lead to more serious and more complicated SSR problem. This paper focuses on the SSR problem of of series compensated transmission for large-scale coal-fired power base, and takes the planning UHV transmission project for Ximeng energy base of China as the studying object. Then, an new method of online analysis and forewarning will be proposed, and corresponding measures will be discussed.
SSR Analysis of Ximeng Energy Base
According to the electric power system planning of China, a large-scale coal-fired power base will be built in Ximeng area, Inner Mongolia, and a UHV AC transmission system will be constructed from Inner Mongolia to Northern and Eastern China. As illustrated in Fig. 1 , the transmission lines from XM to BJ, and from BJ to JN, are both about 350 km. In order to increase the capability of transmission lines, it is planned to apply 40% series compensation, which may lead to SSR problem.
Frequency scan is a common method to estimate SSR risk. By frequency scan analysis, the impedance-frequency characteristics of transmission system of a plant with frequency will be obtained, which is irrelevant to the characteristics of generators. Part of frequency scan results for Ximeng base is illustrated in Fig. 2 
Reactance dip
As shown in Fig. 2(a) , the curve of reactance-frequency drops and then rises when the frequency is around 17 Hz, however the reactance keeps positive within the entire subsynchronous frequency range. Commonly, this phenolmena is quantified by reactance dip [3] , which is defined as:
There is no precise threshold value to classify SSR risk nowadays. However, experience shows that it requires attention when reactance dip is larger than 20%.
Series resonance
As shown in Fig. 2(b) , the reactance falls below zero and then rises above zero when the frequency is around 11 Hz, which indicates series resonance. In this case, there might be high SSR risk. It is observed from Table 1 that, if all elements of the system, including lines, series capacitors and generators of all plants, are in operation, the reactance dip is 28%. When one of series capacitors or one of XM-BJ lines quits, the value will decrease to 8% and keep almost the same, respectively. If one or more of generators quit, the reactance dip will rise up, it may even turn into series resonance for islanding conditions.
In summary, comparing with normal series compensated transmission, there might be worse SSR problem for largescale power base, and corresponding studies on both SSR risk estimation and suppression should be carried out.
SSR Online Analysis and Forewarning
As for offline analysis of subsynchronous resonance, theoretically, all possible conditions should be considered, which includes the status of generators, transmission lines, series capacitors, transformers, as well as output of generators and distribution of power flow all over the power grid. Simply, suppose that there are N elements separate from each other, considering each one being on or off, the total amount of conditions could be 2 N . Thus, the calculation amount will be 1,024 when N is equal to 10, and the number could be as large as 32,768 when N is equal to 15. It is obviously difficult to take all conditions into consideration in offline analysis, instead, only several typical conditions are considered in practice, Fig. 3 . Scheme of SSR online analysis and forewarning.
To avoid large amount of calculation in SSR risk assessment, we have tried another analysis method that using online analysis and forewarning. The main idea of this method is to analyze contiguous conditions regularly, and reveal conditions under which subsynchronous resonance may take place.
The scheme of this method is illustrated in Fig. 3 . This method contains two main parts: offline part and online part.
In offline part, the original model for SSR analysis is stablished, which includes the model of generators and equivalent model of the grid.
There are four blocks in online part.
Model update block
From the operation system, the current grid topology and power flow distribution could be obtained through necessary data format conversion and calculation. And then, the original analysis model stablished in offline part will be updated according to the newest data, and the model of current condition will be built.
Task generation block
In this block, the status of every element is examined first, so we can learn how could its status change from current condition. Through permutation and combination of status of each elements, computational tasks with various conditions will be generated.
It is important to note that, as the online analysis repeats regularly, within such as several minutes, it is not necessary to consider all conditions like offline analysis. Generally, a group of N±1 and N±2 conditions should suffice for online analysis, and the amount for a grid with N separate elements is 
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A comparison of computational amount between offline and online analysis is showed in Table 2 . It is obvious that the amount of online tasks increases much slowly than offline analysis when the number of elements rises. 
Calculation and analysis block
In this block, all these computational tasks will be executed. Each task is written into an input data file for time-domain electromagnetic analysis, and submitted to the computing platform like a cluster compute system. According to Table I , the amount of tasks will be hundreds, which is not a great number for a cluster compute system of this time.
After numerical calculation of each task, the information of subsynchronous signals should be extracted from the results, including the frequency and corresponding magnitude and damping factor. FFT and ESPRIT algorism [4] can be used during frequency analysis.
Summarizing and screening block
In this block, all time-domain calculation and frequency analysis results should be summarized, and the conditions with large magnitude and negative damping factor could be recognized, thus the forewarning information will be produced.
SSR Suppression for Large-scale Coal-fired
Power Base To solve the SSR problem caused by application of series compensation technology in AC transmission systems, researchers out of the world have been carrying out many studies on suppression measures with different mechanism [5] - [8] , for example, using supplementary excitation damping controller (SEDC), blocking filter, thyristor controlled series compensation (TCSC), static var compensator (SVC), static synchronous compensator (STATCOM), and so on, among which the former four measures have been practically applied in China. According to the actual operation situation, these measures can take some effects on SSR suppression, they may also have disadvantages on suppression capacity, controllability, flexibility, etc. Table 3 gives a comparison of main SSR suppression measures.
For series compensated transmission of large-scale coalfired power base, as there might be high SSR risk, further studies should be carried out on suppression measures.
Recently, researches have studied on some new mitigating methods such as using induction machine [9] or double fed machine [10] , by which a co-axial machine will be fixed at the shaft terminal of the generator. However, it may take years for practical application.
On the other hand, researches have tried to employ two or more measures together for better suppression effect, such as a combination of SEDC and TCSC [11] , and one of SEDC and STATCOM [12] . In this way, we could benefit from advantages of both measures. However, it needs further studies on the coordination of all measures involved.
Conclusion
This paper investigates the SSR problem of series compensated transmission for large-scale coal-fired power base in China. It indicates that there might be worse SSR problem for large-scale power base, thus corresponding studies on both SSR risk estimation and suppression should be carried out. As the large amount calculation for offline analysis of SSR, an online analysis and forewarning method is proposed. In addition, suppression measures for the SSR problem in series compensated transmission for large-scale coal-fired power base are discussed, including both new methods and combination of multiple methods. 
